We investigate the bounce realization arising from the application of the holographic principle in the early universe, inspired by its well-studied late-time application. We first consider as Infrared cutoffs the particle and future event horizons, and we show that the decrease of the horizons at early times naturally increases holographic energy density at bouncing scales, while we additionally obtain the necessary null energy condition violation. Furthermore, adding a simple correction to the horizons due to the Ultraviolet cutoff we analytically obtain improved nonsingular bouncing solutions, in which the value of the minimum scale factor is controlled by the UV correction. Finally, we construct generalized scenarios, arisen from the use of extended Infrared cutoffs, and as specific examples we consider cutoffs that can reproduce F (R) gravity, and the bounce realization within it.
I. INTRODUCTION
One of the interesting explanations for the late-time acceleration is the holographic dark energy scenario [1] (for a review see [2] ). In this framework the dark energy sector arises holographically from the vacuum energy, after one applies at a cosmological level the holographic principle, which originating from black hole thermodynamics and string theory [3] [4] [5] [6] [7] establishes a connection of the largest distance of this theory (related to causality and the quantum field theory applicability at large distances) [8] with the Ultraviolet cutoff of a quantum field theory (related to the vacuum energy). Holographic dark energy, both in its basic [1, 2, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] as well as in its various extensions [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , proves to be very efficient in describing the late-time universe, and it is in agreement with observations [31] [32] [33] [34] [35] .
Although there has been a large amount of research in the late-time application of holographic principle, namely in the dark-energy era, there has been almost no effort in applying it at early times. Recently, we proceeded to such direction and we constructed an inflationary realization of holographic origin [36] . The scenario has the advantage that since at early times the largest distance of the theory is small, the holographic energy density is naturally large in order to lie in the regime necessary for inflation.
In the present work we are interested in applying the holographic principle at early times, however investigating the bounce realization. Nonsingular bouncing cosmologies are of significant interest since they offer a potential solution to the cosmological singularity problem and thus an alternative to inflation [37] [38] [39] [40] [41] [42] [43] . In order for the bounce to be realized the null energy condition has to be violated, and this can be obtained by various modified gravity constructions [44] [45] [46] , such as the Pre-BigBang [47] and the Ekpyrotic [48] scenarios, f (R) gravity [49, 50] , f (T ) gravity [51] , loop quantum cosmology [52] [53] [54] , Lagrange modified gravity [55] , Finsler gravity [56] etc. Alternatively, a nonsingular bounce may be acquired through the introduction of exotic matter sectors [57, 58] . Indeed, as we will see in this work, the energy density of holographic origin can lead to the necessary violation of the null energy condition and trigger the bounce. Additionally, the decrease of the horizons at early times naturally increases holographic energy density at bouncing scales.
The plan of the work is the following. In Section II we construct the holographic bounce scenario, extracting the corresponding analytical solutions. In Section III we proceed to the construction of generalized scenarios, with extended Infrared cutoffs. Finally, Section IV is devoted to the conclusions.
II. HOLOGRAPHIC BOUNCE
In this section we will construct the basic model of holographic bounce. We start by reminding that in general the holographic density is proportional to the inverse squared Infrared cutoff L IR , namely
where κ 2 is the gravitational constant and c a parameter. If one wishes to apply the above relation in a cosmological framework, he considers the homogeneous and isotropic Friedmann-Robertson-Walker (FRW) metric
with a(t) the scale factor and k = 0, +1, −1 corresponding to flat, close and open spatial geometry respectively. In the following we focus on the flat case, however the generalization to non-flat geometry is straightforward. Since the Infrared cutoff L IR is related to causality it must be a form of horizon. The simplest choice is the Hubble radius, however concerning the late-time application its use cannot lead to an accelerating universe and thus it is rejected [59] . Hence, one may use the particle and future event horizons [1] , the age of the universe [60, 61] , the inverse square root of the Ricci curvature [62] , or a combination of Ricci and Gauss-Bonnet invariants [63] . More generally, one can consider a general Infrared cutoff constructed by an arbitrary combination of all the above quantities and their derivatives [64] . In this Section, as a first application we will consider the particle horizon L p and the future event horizon L f , which are written as
Although in the late universe the Friedmann equation includes both the matter and holographic dark energy sectors, in the case of the early universe the former can be neglected [36] (unless one considers the possibility of a "matter bounce" [39, 51] , which is not the case of the present work). Therefore, at early times the first Friedmann equation is written as
where ρ is the energy density of the (effective) fluid that consists the universe, originating from a scalar field, from modified-gravity, or from other sources. In this manuscript we consider that the fluid that drives the bounce has a holographic origin, i.e. it arises from the holographic energy density. Thus, imposing that ρ in (4) is ρ of (1) we deduce that
Hence, inserting the particle horizon L p or the future event horizon L f into (5) we find that
with m = 1 corresponding to the particle horizon and m = −1 to the future event horizon. The general solution of equation (6) is
with a 0 ,t 0 the two integration constants and ± corresponding to the two solution branches. As we observe the above solution has very interesting expressions for particular values of the parameter c. Specifically, in the case where c c±m is an even number we obtain a bouncing scale factor, which is the scope of interest of the present work. This can be obtained taking the + branch in the case of m = −1, i.e. using the future event horizon, and taking the − branch in the case where m = 1, i.e. using the particle horizon. For instance, choosing c = 2 we can see that in both the above cases we obtain a(t) = a 0 (t − t 0 ) 2 which indeed corresponds to the bounce realization. In summary, as we observe, in the scenario at hand the bounce can be straightforwardly obtained, since the decrease of the horizons at early times naturally increases holographic energy density at bouncing scales.
We proceed by investigating an improved version of the above scenario. In particular, since we apply the holographic principle at early times, i.e. at high energy scales, we should incorporate the Ultraviolet cutoff Λ UV too. Namely, in this regime the Infrared cutoff acquires a correction from the Ultraviolet one, which takes the form [65] 
If we insert this expression into (5), with L IR either the particle horizon L p or the future event horizon L f , we acquire
which is the improved version of (6) . In order to solve this equation we first transform it to an equation for H(t), namelẏ
whose general solution for Λ UV not being equal to 0 or infinity is written implicitly as
+C0, (11) with C 0 an integration constant. Hence, the scale factor can be obtained through
with a 0 another integration constant. The above solution (11) can describe a bounce for particular choices of the model parameters that satisfy the bounce requirements, namely H < 0, H = 0 and H > 0 before, at, and after the bounce respectively, as well aṡ H > 0 throughout the procedure. In Fig. 1 we present the bounce realization arising from (11), for three choices of the model parameters. The interesting feature is that now we can obtain a nonsingular bounce, which was not possible in the simple case without the UV correction, namely solution (7) . Furthermore, as we can see, the value of the minimum scale factor is determined by the value of Λ UV , going to zero at Λ UV → ∞ as expected. This feature is very significant, since nonsingular bounces are more physically important since they are the ones that can alleviate the initial singularity issue of standard cosmology. This is one of the main result of the present work and reveals the capabilities of holographic bounce. 
III. GENERALIZED SCENARIOS
In this section we construct generalizations of the above holographic bounce scenarios through the use of extended Infrared cutoffs, inspired by similar constructions in the case of the late universe. In principle, such general Infrared cut-offs may be a function of both L p and L f and their derivatives, as well as of the Hubble horizon and its derivatives and of the scale factor [16, 64] , namely
Thus, applying the above extended Infrared cutoff at the early universe provides enhanced freedom to acquire bouncing cosmology. Without loss of generality we start by considering the model
with α a parameter. Inserting this into the Friedmann equation (5), setting c = 1 for simplicity, and adding also a cosmological constant term Λ = − 3 κ 2 H 2 0 , we result to
(15) Recalling that the Ricci scalar is R = 6(2H 2 +Ḣ) in FRW geometry, the above equation is written in the form
with
As one can see, Eq. (16) is just the first Friedmann equation in the R 2 -gravity theory in the absence of matter [44, [66] [67] [68] [69] [70] .
As it is known, for the F (R) gravity model of (17) there appears a solution describing the bouncing universe [49] . In fact, if we impose the bouncing scale factor
with a positive constant λ, we find that H = λt,Ḣ = λ, andḦ = 0 (i.e. the universe is contracting for t < 0, is expanding for t > 0, and at t = 0 we have the nonsingular bounce realization at a scale factor a B ). In this case Eq. (15) becomes
which for α > 0 is satisfied if we choose
Hence, the scenario at hand indeed accepts the bouncing scale factor (18) as solution, if we consider the model parameters (20) .
As another example, we may consider the model where
with β and B two parameters. Inserting this into the Friedmann equation (5), and setting for simplicity c = 1, we findḢ = 2βBa
The solution of (22) is
which in turn leads to
with A and a B integration constants. Indeed, the solution (24) describes a bounce realization at t = 0. Moreover, away from the bounce point a(t) behaves in a powerlaw way, namely a(t) ∼ t 2β , as in the case of the perfect fluid with a constant equation-of-state parameter. Note that since for the solution (24) the integrand of (21) diverges at t = 0 and goes to a constant 1 2β when t → ∞, it is necessary to add a small UV correction, as we discussed in the previous section, and use
Finally, as a last example we consider the model with
with β and A constants. inserting into (5) with c = 1 we obtainḢ
whose solution is again given by (24) but now B appears as a constant of integration. Since substituting the solution into (26) we find that the second term in the integrand diverges at the bouncing time, the integration in (26) should be modified as
i.e. we add a UV correction.
IV. CONCLUSIONS
In this work we obtained a bounce realization of holographic origin. In particular, inspired by the application of the holographic principle at late-time universe, i.e. by the scenario of holographic dark energy, we applied it at early times. We first considered as Infrared cutoffs the particle or future event horizons, and we showed that the decrease of the horizons at early times naturally increases holographic energy density at bouncing scales, while we additionally obtain the necessary null energy condition violation. Hence, even this simple scenario can lead to the bounce realization.
We proceeded to the addition of a simple correction due to the Ultraviolet cutoff, whose role may be taken into account at the high energy scales of early universe. We first extracted analytical solutions that may lead to the bounce realization for suitable choices of the model parameters, and we provided specific numerical examples. The interesting implication of this UV correction is that it can control the value of the minimum scale factor, which is significant since nonsingular bounces are more physically important relating to the alleviation of the initial singularity issue of standard cosmology.
Lastly, we constructed generalized scenarios of holographic bouncing cosmology, arisen from the use of extended Infrared cutoffs. As specific examples we considered cutoffs that can reproduce F (R) gravity, and in particular R 2 gravity, which can then lead to a nonsingular bounce realization. These features act as an additional advantage in favour of holographic bounce and reveal the capabilities of the model.
